The subfamily Carabinae is a diverse clade distributed across all biogeographical regions except Antarctica. In a seminal work, René Jeannel hypothesized a Gondwanan origin for this group, but this has hitherto remained untested with molecular data. We test this hypothesis by using a supermatrix approach. We also infer the most comprehensive phylogeny of the genus Calosoma, the only lineage within Carabinae comprising predominantly flying species. We use a recent timetree of Coleoptera to infer divergence time estimates in Carabinae. Our results identify four main lineages within Calosoma and reject the monophyly of several species groups erected by Jeannel. The subfamily Carabinae is estimated to have arisen in the Jurassic as suggested by Jeannel, and this dating is congruent, to some extent, with a vicariant hypothesis linked to the timing of the fragmentation of Gondwana. The main lineages of Calosoma are suggested to have diverged from each other in the Palaeogene, suggesting a dynamic biogeography, possibly shaped by dispersal rather than vicariance. This pattern could have resulted from the unique morphological evolution in Calosoma, allowing certain lineages to actively fly. Our divergence times within Carabinae are markedly inconsistent with previous studies, therefore reiterating the need for a fine-scale, fossil-based timetree of Adephaga.
INTRODUCTION
Beetles are a comparatively ancient group of insects whose origin probably arose during the Triassic (McKenna et al., 2015; Toussaint et al., 2017a) . Because of their great age, some beetle lineages have been hypothesized to represent vicariant relicts that resulted from the fragmentation of the supercontinent Gondwana. Since the advent of molecular clock estimation of divergence times, testing such hypotheses in a statistical framework has become possible. Although the timing of diversification in some beetle lineages has been shown to concur with that of Gondwanan fragmentation (e.g. Bukontaite, Miller & Bergsten, 2014; Kim & Farrell, 2015; Andújar et al., 2016; Günter et al., 2016; Toussaint et al., 2017c; Toussaint, Fikáček & Short, 2016b; Toussaint, Bloom & Short, 2017b; Eberle et al., 2017) , the biogeographical origins of other beetle groups with Gondwana-like distributions have been demonstrated to post-date this major tectonic reassembly (e.g. Toussaint & Short, 2017) .
The subfamily Carabinae is a monophyletic speciesrich group of ground beetles (c. 1500 species; , distributed in all major biogeographical regions except Antarctica (Jeannel, 1940; Osawa et al., 2004) . Interestingly, some lineages within the subfamily are restricted in distribution to a single region, while others are more widespread. For instance, the charismatic genus Carabus, consisting of c. 1000 described species (Deuve 2004) , is mostly Holarctic (overwhelmingly Palearctic) in distribution (Sota et al., 2004; Deuve et al., 2012) . The same is true of the tribe Cychrini, comprising the Palearctic genera Cychrus and Cychropsis, and the Nearctic genera Scaphinotus and Sphaeroderus (Gidaspow, 1973; Su et al., 1996 Su et al., , 2004 . In the austral part of the planet, the genera Ceroglossus, Maoripamborus and Pamborus are respectively endemic to Chile and Argentina, New Zealand and Australia (Sota et al., 2005) . By contrast, the genus Calosoma has a much more widespread geographical range, which encompasses all the biogeographical regions, and includes the Galapagos islands, Madagascar and New Caledonia. The distribution of Carabinae was hypothesized by the famous French entomologist René Jeannel (1940) to potentially reflect the fragmentation of the supercontinent Gondwana. However, this hypothesis has never been properly tested so far.
The only studies to date that have aimed at inferring divergence times within Carabinae are based on a unique late Miocene fossil ( †Carabus cancellatus; Deuve, 1998) and/or several biogeographical calibrations (e.g. Su et al., 1998 Su et al., , 2004 Osawa et al., 1999; Su, Imura & Osawa, 2001; Andújar et al., 2012a Andújar et al., , 2014 Andújar Serrano & Gómez-Zurita, 2012b) . These studies assumed that the divergence of flightless carabine lineages resulted from geological vicariance events. In several articles aiming at dating the origin of Japanese Carabus ground beetles, Su et al. (1998 Su et al. ( , 2001 ) dated the split between Cychrus and Carabus to within the Eocene c. 40-50 Ma. More recently, Andújar et al. (2014) tested the congruence and compatibility of multiple calibrations to estimate the origin of the genus Carabus. They concluded that older vicariant calibrations (e.g. between New Zealand Maoripamborus and Australian Pamborus; Sota et al., 2005) were inconsistent with gene fragment substitution rates. As a result, their divergence time estimates placed the origin of the subfamily Carabinae in the Eocene c. 40 Ma, and the split between Calosoma and Carabus in the early Miocene c. 23 Ma (Andújar et al., 2014) . In an independent study of the genus Carabus, Deuve et al. (2012) estimated an origin of Carabinae, as represented by only the genera Carabus, Cychrus and Pamborus, in the late Oligocene c. 25 Ma. This last study, and those of Andújar et al. (2012a Andújar et al. ( , b, 2014 , used the only known Carabinae fossil found in Messinian deposits of Cantal in France (c. 5 Ma; Deuve 1998), in combination with biogeographical calibrations. However, the use of a very young fossil and/or of biogeographical calibrations in these studies might underestimate the ages of the different lineages, especially if the divergences of clades constrained with biogeographical calibrations do not, in fact, correspond to the presumed geological events.
Therefore, there is a great deal of uncertainty surrounding the origin of Carabinae, although little doubt that it represents an early divergent lineage within Carabidae (Maddison et al., 2009; McKenna et al., 2015) . The subfamily has been recovered either as sister to all other carabid subfamilies (Maddison et al., 2009; López-López et al., 2017) or as sister to Trachypachidae (Maddison et al., 2009; McKenna et al., 2015) . However, it is difficult to predict the age of extant lineages within Carabinae, because extinction events might obscure inferences into cladogenetic events. The fossil record of Carabidae is far from extensive, and the oldest known fossils, from the Cretaceous, do not belong to Carabinae, but rather to other subfamilies (e.g. Cicindelinae: Cassola & Werner 2004; Licininae: Liu et al., 2015; Protorabinae: Wang & Zhang 2011) . Therefore, only broader taxon sampling across Carabidae will allow for disentanglement of the timeline of Carabinae ground beetle evolution in the future. There is a substantial taphonomic bias within the fossil record of this group, and it is possible that external fossil-based calibrations recover a more ancient origin of lineages than the one suggested by biogeographically informed dating exercises (e.g. Su et al., 2001 Su et al., , 2005 Deuve et al., 2012; Andújar et al., 2012a Andújar et al., , b, 2014 . The most recent attempts to date the beetle tree of life have offered some promising insights with respect to the origin of Carabinae. The large-scale study by McKenna et al. (2015) suggested an age for the origin of Carabidae of c. 170 Ma, in the middle Jurassic. In their study, McKenna et al. (2015) recovered Carabinae (as represented by the genus Calosoma) as sister to Trachypachidae, and the latter clade as sister to all other ground beetles. However, Toussaint et al. (2017a) , using the same dataset but a denser fossil selection for calibration, recovered an origin for the family of c. 220 Ma, in the late Triassic, with the split between Calosoma and Trachypachidae dated to the early Jurassic c. 200 Ma. To date, this is the latest, fossil-based, divergence time estimate for the split between Carabinae and its supposed sister taxon.
Since its inception, Jeannel's hypothesis of carabine beetle Gondwanan origins has never been revisited per se, because (1) of the difficulty in estimating divergence times within Carabinae without relying on biogeographical calibrations, (ii) the systematics among genera of Carabinae have rarely been studied in a single study (but see Osawa et al., 2004) , and (3) some carabine genera lack a comprehensive molecular phylogenetic evolutionary hypothesis. One such group is the caterpillar hunters of the genus Calosoma (Fig.  1) , which contain species that have been well known to entomologists for centuries owing to their large size, bright colours, and eponymous predatory habits, and oscillating populations, which closely track those of their preferred caterpillar prey (Bruschi, 2013) . Although Jeannel (1940) , in the last detailed morphological revision of the genus Calosoma, divided it into four 'phyletic series', which can be interpreted today as clades, the phylogenetic relationships among its constituent subgenera (Fig. 1) remain largely unknown. A study by Su et al. (2005) inferred relationships within Calosoma using a unique mitochondrial marker (ND5, see below). The authors inferred a moderately supported phylogenetic hypothesis for the genus, but their findings shed light on the likely paraphyly or polyphyly of most subgenera currently recognized (Bruschi, 2013; Häckel, 2013) . More than a decade later, Ray, Seidel & Husemann (2017) produced a new molecular matrix to investigate the placement of aberrant Calosoma wilcoxi specimens in a reduced phylogenetic framework. Their results substantiate those of Su et al. (2005) , confirming the non-monophyly of some subgenera. Although these two attempts shed light on some systematic issues, the phylogenetic relationships among Calosoma lineages remain rather obscure, despite a large amount of molecular data having been generated in ground beetle projects where species of Calosoma are often sequenced 'collaterally'. In the present study, we generate a molecular matrix combining all available molecular data for Calosoma, to investigate the phylogenetic relationships among major lineages within this genus. We also aim to infer the placement of Calosoma within the subfamily Carabinae, and to infer divergence time estimates to test the hypothesis of Gondwanan vicariance in the subfamily Carabinae, as hypothesized by Jeannel (1940) .
MATERIAL AND METHODS

Taxon sampling
The taxon sampling was designed to tackle the two main questions of this study, (1) does the molecular phylogeny of the genus Calosoma reflect the historical groupings of Jeannel (1940) based on morphology? and (2) is the origin of Carabinae consistent with the timeline of Gondwana fragmentation? To do so, we sampled the major lineages within Carabinae, and sampled as many species of the genus Calosoma as possible. We did not include additional Carabidae lineages in this study, because it is not our objective to test de novo the placement of Carabinae within Adephaga. Recent studies have proven that an accurate resolution of phylogenetic relationships among adephagan lineages would probably require a phylogenomic approach coupled with a large taxon sampling (Maddison et al., 2009; Toussaint et al., 2016a; Baca et al., 2017; López-López & Vogler, 2017) . We based our taxon sampling on the most recent phylogenetic study of Coleoptera, which recovered a sister relationship between Trachypachidae and Carabinae (McKenna et al., 2015) . Since the monophyly of Carabinae is well established (Maddison et al., 1999 (Maddison et al., , 2009 Osawa et al., 2004; López-López & Vogler, 2017) , we only sampled Trachypachus holmbergi to root the phylogeny, following McKenna et al. (2015) . All available DNA sequence data from GenBank were gathered and imported in Geneious R 8.1.8 (Biomatters, USA). The downloaded sequences were checked for taxonomic accuracy and aligned by locus. Alignments included sequences from multiple specimens per species when available. We also included unpublished sequences of the species Calosoma calidum, C. luxatum, C. moniliatum, C. obsoletum and C. tepidum provided by the Canadian National Collection of Insects, Arachnids and Nematodes; Agriculture and Agri-Food Canada (Ottawa, Canada), as well as of C. reticulatum provided by the Finnish Barcode of Life project and the University of Oulu (Finland). All alignments were conducted with MAFFT 7.017 (Katoh & Standley, 2013) using the G-INS-I algorithm. Individual locus alignments were then checked for indels, stop codons or obvious poor quality sequences. All loci that were represented by sequences from fewer than four species of Calosoma were not considered for further analyses. The retained gene fragments were the following: ribosomal 16S (817 bp), ribosomal 18S (2075 bp), ribosomal 28S (1070 bp), cytochrome oxidase c subunit 1 (CO1, 1448 bp), cytochrome b (CYTB, 702 bp), NADH dehydrogenase 5 (ND5, 1047 bp), phosphoenolpyruvate carboxykinase (PEPCK, 627 bp) and wingless (438 bp). A gene tree was inferred for each aligned gene fragment using FastTree 2.1.5 (Price, Dehal & Arkin, 2010) as implemented in Geneious R8. Based on locusspecific topologies, contamination and taxonomy were checked a second time.
The gene alignments were pruned to retain only a single representative of each species, and all gene alignments were then concatenated. We selected multiple species, representing lineage diversity in all genera of the subfamily Carabinae, except the Saint Helena endemic and monotypic Aplothorax burchelli, for which no sequence data were available (it is possibly now extinct; Ashmole & Ashmole 2004) . We sampled some of the main lineages within Carabus, according to the molecular phylogeny of Deuve et al. (2012) . The final alignment comprised 70 taxa, including 46 species of Calosoma, out of c. 130 described species (Bruschi, 2013; Häckel, 2013) . Details of the composition of the final molecular matrix are shown in Table 1 .
phylogeneTic inference
The phylogenetic relationships among selected taxa were inferred using IQ-TREE 1.5.4 (Nguyen et al., 2015) . The best partitioning scheme was selected using the greedy algorithm implemented in PartitionFinder 2.1.1 (Lanfear et al., 2017) , based on a priori delimitation of individual ribosomal loci, and codon positions of protein-coding loci. The fit of all nucleotide substitution models implemented in PartitionFinder 2.1.1 was assessed using the Bayesian Information Criterion (BIC). The partitions selected in PartitionFinder 2.1.1 Table 1 . Taxon sampling, indicating the nuclear and mitochondrial loci analysed for each taxon Genus were used for the IQ-TREE analyses, but the corresponding models of nucleotide substitution were estimated de novo in IQ-TREE using the Auto function, across all available models, including the FreeRate model (+R; Soubrier et al., 2012) , allowing relaxation of the assumption of gamma-distributed rates. We also performed non-partitioned analyses, in addition to analyses partitioned by locus. All analyses were conducted on the IQ-TREE web cluster (Trifinopoulos et al., 2016) , using three different analytical settings, with variable perturbation strength for randomized nearest neighbor interchange (NNI) and stopping rule [number of unsuccessful iterations to stop the maximum-likelihood (ML) search] parameters, of respectively, 0.1/0.3/0.5 and 100/200/500. To assess nodal support, we performed 1000 ultrafast bootstrap replicates (UFBoot). We also performed an SH-aLRT test (Guindon et al., 2010) , with 1000 replicates. The UFBoot has been shown to be largely unbiased compared to standard or alternative bootstrap strategies, and the SH-aLRT test has been shown to be as conservative as standard bootstrapping (Minh, Nguyen & von Haeseler, 2013) .
Divergence Time esTimaTes
Since there is no fossil known for the subfamily Carabinae that would allow for testing of a different timeline to the one inferred using the unique Carabus fossil and biogeographical calibrations (e.g. Deuve et al., 2012; Andújar et al., 2014) , we relied on secondary calibrations to date the phylogeny. Specifically, we used the divergence time estimate between Calosoma and Trachypachidae as recovered by Toussaint et al. (2017a) . Since we sampled all but one genus of the subfamily Carabinae, and because Trachypachidae is supposedly the sister clade or a closely related clade to Carabinae (e.g. Maddison et al., 2009; McKenna et al., 2015; López-López & Vogler, 2017) , we believe that the use of this secondary calibration is the best approach to obtain absolute divergence time estimates for the group, without enforcing biogeographical calibrations. This dating strategy allows for the testing of the suggested synchronicity between lineage splits and biogeographical vicariant events in Carabinae (Jeannel, 1940; Sota et al., 2005) . We used BEAST 1.8.4 (Drummond et al., 2012) to infer absolute divergence time estimates using the concatenated molecular matrix. We set up multiple analyses in BEAUti 1.8.4 (Drummond et al., 2012) to assess the importance of data partitioning, clock partitioning and tree model choice on downstream inferences. The dataset was partitioned in two different ways: (1) in five partitions corresponding to the result of a PartitionFinder 2 analysis based on a priori division of the matrix per locus; and (2) in ten partitions corresponding to the result of a PartitionFinder 2 analysis based on a priori division of the matrix per ribosomal locus and protein-coding gene codon positions. The models of nucleotide substitution for each partition were selected in PartitionFinder 2 with the BEAST set of models. The number of clocks was set in two different ways: (1) one uncorrelated lognormal relaxed clock (Drummond et al., 2006) for all mitochondrial partitions, and another for all nuclear partitions; and (2) one uncorrelated lognormal relaxed clock for each partition. The Continuous-Time Markov Chain (CTMC) Rate Reference prior (Ferreira & Suchard 2008 ) was specified for the ucld.mean rates of the different clocks. The tree model was set to birth-death (Gernhard 2008) or Yule (Yule, 1925; Gernhard, 2008) in distinct analyses. The age of the root corresponding to the split between Calosoma and Trachypachidae was constrained to the interval [168.8133-219.4772] corresponding to the 95% credibility interval inferred by Toussaint et al. (2017a) for the same node. The topology that received the highest likelihood in the IQ-TREE analyses (see Results) was enforced as a fixed topology by manually editing the BEAUti.xml files. All analyses were run twice to detect potential local optima and ensure convergence. The runs consisted of 50 million generations with a tree and parameter sampling every 5000 generations, resulting in 10 000 posterior samples. To compare the different analyses, we calculated the marginal likelihood of each run using the path sampling/stepping-stone sampling (Baele et al., 2013) implemented in BEAST 1.8.4. These analyses were performed with default parameters. Specifically, we used 100 path steps, with chains running for 1 million generations, with a log likelihood sampled every 1000 generations, and with a beta distribution of path steps. All analyses were run on the CIPRES Science Gateway cluster (Miller, Pfeiffer & Schwartz, 2010) . The convergence of the runs, mixing of the chains and effective sample size were checked in Tracer 1.6 (http://BEAST. bio.ed.ac.uk/Tracer). The maximum clade credibility chronograms were generated in TreeAnnotator 1.8.4 (Drummond et al., 2012) , with the posterior samples of each analysis after applying a conservative burnin of 25%.
RESULTS AND DISCUSSION phylogeneTic relaTionships wiThin carabinae
The different IQ-TREE analyses resulted in very similar topologies, as summarized in Table 2 . The number of partitions, perturbation strength, and stopping rule seem to have little impact on the inferred phylogenetic hypotheses, with only slight discrepancies in derived nodes of the topologies. The resulting phylogenetic tree from the best IQ-TREE analysis (A9, see Table  2 ) is presented in Figure 2 . The overall nodal support across the topology is moderate, with some strongly supported nodes along the backbone and some lower nodal support values in more derived parts of the topology (Fig. 2, Table 2 ). Within Carabinae, we recovered the four caribine tribes (Carabini, Ceroglossini, Cychrini and Pamborini) as monophyletic, with strong nodal support, with the exception of Pamborini, which was recovered as monophyletic but with moderate support (Fig. 2) .
Within Cychrini, we recovered Cychropsis as sister to Cychrus (but see below), with strong nodal support (SH-aLRT = 93/UFBoot = 98; Fig. 2 ) although our taxon sampling is very limited. This first clade was recovered with strong support (SH-aLRT = 100/ UFBoot = 100) as sister to a clade consisting of Scaphinotus and Sphaeroderus as sister genera. The latter relationship was poorly supported in our phylogenetic hypothesis (SH-aLRT = 13/UFBoot = 54). A study by Su et al. (2004) on Cychrini recovered slightly different relationships based on an analysis of CO1 sequences. In that study, Scaphinotus was recovered as sister to all other genera within Cychrini, and Sphaeroderus+Cychropsis (Cychrus brezinai was found sister to Cychropsis draconis, but the authors argued that the former in fact belongs to Cychropsis) were inferred as sister to Cychrus. The phylogenetic hypothesis of Su et al., (2004) was supported only by very low nodal support, and therefore the placement of the four genera within Cychrini remains unresolved and in need of further phylogenetic study.
We recovered the three genera Ceroglossus, Maoripamborus, and Pamborus in a clade with moderate support (SH-aLRT = 57/UFBoot = 94), with Ceroglossus as sister to Maoripamborus+Pamborus (SH-aLRT = 95/UFBoot = 100). This placement is inconsistent with the phylogenetic hypothesis of Osawa et al. (2004) and Andújar et al. (2012) , who inferred Ceroglossus as sister to Carabus+Calosoma, albeit with low nodal support, but in line with one result from Su et al. (2004) , based on ND5 sequences, and Deuve & Faille (2013) based on 18S sequences. The exact placement of Ceroglossus therefore remains contentious and should be investigated with both additional taxon sampling and sequence data in the future. The placement of the genera Ceroglossus, Maoripamborus, and Pamborus as sister to Carabus+Calosoma with maximal nodal support (SH-aLRT = 100/UFBoot = 100) is mostly consistent with previous phylogenetic hypotheses, which recovered either Pamborus Su et al., 2004) , Ceroglossus+Pamborus (Deuve & Faille, 2013) or Maoripamborus+Pamborus (Andújar et al., 2012) as sister to Carabus+Calosoma. Within Carabini, we recovered Calosoma as sister to Carabus, Within Calosoma, we recovered four main lineages, although our phylogenetic hypothesis is not strongly supported (Fig. 2) . Most subgenera delimited by Jeannel (1940) and recognized by Bruschi (2013) are not inferred as monophyletic, although some of these clades are broadly congruent with Jeannel's four 'phyletic lines', as follows: Jeannel's 'calosomes lobés' phyletic line equates to our Clade CIV minus Carabophanus arrowi, an African high-elevation highly modified species; his 'Castrida-Caminara' line is highly congruent to our Clade CV minus the two species of Camedula; and finally, his 'Callisthenes' and 'Callitropa' phyletic lines combined equate to our Clade CII minus Charmosta lugens, but with the aforementioned two species of Camedula missing from it. These results are also consistent with two other existing molecular phylogenetic hypotheses for the genus (Su et al., 2005; Ray et al., 2017) . The first main lineage (Clade CII, Fig. 2 ), comprises the subgenera Callistenia, Callitropa, Camedula, Carabomimus, Charmosta and Chrysostigma. This clade is inferred with strong nodal support (SH-aLRT = 98/UFBoot = 97). The different subgenera belonging to Clade CII are morphologically very heterogeneous, and this grouping does not correspond to the classification of Jeannel (1940; see also Bruschi, 2013) , although containing within it both the Palaearctic Callisthenes and the Nearctic Callistenia subgenera, which had in the past been assembled together (as Callisthenes) on morphological grounds (Breuning, 1928) . Jeannel was the first to consider that this more inclusive Callisthenes belonged to the same lineage as the Nearctic subgenus Chrysostigma. Indeed, our analyses support Jeannel's assertion, as the two are grouped together within Clade CII, in a subclade also containing a species of the subgenus Camedula (C. peregrinator), and two paraphyletic representatives of the subgenus Callitropa. Both of the latter subgenera predominantly consist of black, flight-able beetles (Fig. 3) , restricted to the deserts of the south-western United States and northern Mexico, that have apparently, as noted by Jeannel (1940) , undergone such a remarkable convergence that they would probably have been classified within a single subgenus, were it not for puncturation and chaetotaxy characters that divide them. Our results indicate that the subgenera are differentiated, although related, and that Callitropa as presently defined is a polyphyletic subgenus, especially given the position of C. macrum, another of its species included in this analysis, and recovered as sister to the rest of Clade CII (Fig. 2) . Jeannel (1940) also postulated that Callisthenes (including Chrysostigma) diverged from the OldWorld subgenus Caminara, subsequently dispersing into North America during the Tertiary. However, our results indicate that the two groups are very distantly related and last shared a common ancestor in the late Cretaceous (Figs 2 and 3) .
Similarly, Jeannel (1940) had also hypothesized that Camedula and Callitropa belonged to a divergent lineage of the predominantly Neotropical subgenus Castrida, which had spread northwards during the Cretaceous. Our results cannot support this theory, partly because the subgenus Camedula is retrieved as polyphyletic in our analyses, occupying positions in two of the four main clades (CII and CVII). Those members of Camedula in Clade CII, together with the also polyphyletic Callitropa, are only very distantly related to Castrida, which itself belongs to a separate and highly divergent clade (Fig. 2) . However, because two species of Camedula (C. marginale and C. prominens) were recovered in Clade CVII, which is sister to Clade CVI, that predominantly contains members of Castrida, our results could be more in line with Jeannel's thinking only in the case of a more restrictive Camedula. However, in this case, our divergence time estimates date the splitting of the two clades CVI and CVII to approximately 60 Ma, during the Palaeogene (Figs 2 and 3) . Interestingly, Jeannel (1940) does highlight chaetotaxy characters that clearly separate the two groups, consequently somewhat contradicting his own theory.
A morphological parallelism, noted by Jeannel (1940) , and congruent with our results, is the 'Carabusization' that has occurred in three disparately (Table 2) . Nodal support values for the major nodes are given (SH-aLRT/UFBoot). All other nodes are labelled with a coloured circle corresponding to the embedded caption. The names of all sampled subgenera are given on the left, and coloured rectangles indicate their placement in the phylogeny. The parentheses after the subgenera names indicate whether the lineage is recovered as monophyletic (M) or as paraphyletic/polyphyletic in which case the number of independent lineages is given. A photograph of a caterpillar hunter species is presented (credit: Jon Richfield). distributed lineages of flightless and mountain-dwelling Calosoma (Figs 1-3 ). This has resulted in their superficial but marked resemblance to members of the genus Carabus. The atrophy (or eventual loss) of the hind wings, with its associated muscles, has attenuated the elytral humeri, leading to a more oval elytral shape, as found generally in Carabus (Fig. 1) . This has been accompanied by a remarkable convergence upon certain elytral surface sculptural patterns commonly present in the latter genus. Of the three subgenera affected, sequences from only two, the Mexican Carabomimus (mostly brachypterous) and the East African Carabomorphus (all wingless), were available for study. The missing lineage is the former subgenus Microcallisthenes from the Balkans, now synonymized with Callisthenes, and containing mostly brachypterous species. Our tree clearly indicates that these lineages occupy two of the four main clades, with Carabomimus (and Callisthenes) belonging to Clade CII, and Carabomorphus, which has undergone the more extreme 'Carabus-ization', occupying a position in Clade CVII, amongst representatives of the Old World subgenera Caminara and Campalita, which are both recovered as paraphyletic (Fig. 2) . It is evident that these aberrant, flightless Calosoma, occupying high-elevation mountain massifs on three continents, and having encountered similar environmental and climatic conditions during the course of their history, have converged on an altogether more terrestrial lifestyle. This is in keeping with members of the genus Carabus, which are ubiquitous in high-mountain regions of much of the northern hemisphere (Deuve et al., 2012) .
The latter two subgenera, considered closely related by Jeannel (1940) , owing to certain synapomorphic characters of the endophallus, were hypothesized by him to belong to a single phylogenetic lineage also containing the subgenus Castrida, which he attributed to a Neotropical 'origin'. This view is congruent with our own results insofar as of the four main clades, Clade CVII containing Caminara and Campalita is sister to Clade CVI, consisting of a monophyletic Castrida plus the Madagascan endemic Ctenosta as a sister group (Fig. 3) .
In summary, consideration of Jeannel's broader evolutionary interpretations in the light of the molecular data ultimately reveals that several of his conclusions are generally supported by, whilst others are incongruent with, our own results.
Divergence Time esTimaTes anD evoluTion of carabinae grounD beeTles
The best BEAST analysis based on SS MLE (marginal likelihood calculated using stepping-stone/path sampling estimates) was set up with a birth-death Tree model, ten partitions and two clocks (Table 3 ). All BEAST analyses recovered very similar absolute divergence time estimates for the major nodes of the phylogeny, with broadly overlapping 95% credibility Bayesian median divergence time estimates of the subfamily Carabinae chronogram derived from the best BEAST analysis as determined using SS MLE (see Table 3 ). The 95% credibility intervals are given for each node using a horizontal grey bar. The geographical range of each species is indicated by coloured squares. The color-coding follows the inserted caption on the left of the figure. Black triangles indicate a fully winged species known to be a good flyer. Deuve et al., 2012; Andújar et al., 2012 Andújar et al., , 2014 , which inferred an origin of Carabinae in the Eocene or Oligocene and recovered mitochondrial substitution rates of about 0.0154 substitutions per site/ My per lineage (95% CI = 0.0112-0.0198) in Carabus (Andújar et al., 2014) . We believe the significant difference between these estimates and ours might stem from the use of biogeographical calibrations potentially pulling the origin of Carabinae toward the present. The age of the genus Carabus is inferred to be c. 89.8 Ma (95% CI = 61.8-117.3 Ma). Here as well, our estimates are much older than previously suggested, and if our estimates are more accurate than previous ones, then the evolutionary history of the genus as inferred by Deuve et al. (2012) needs to be revisited to accommodate this substantial shift in the timeframe of Carabus ground beetle evolution. However, it is important to remain cautious when interpreting the divergence time estimates inferred in our study, since these are derived from a secondary calibration (see, for example, Graur & Martin 2004 for pitfalls of this approach), and because the phylogenetic relationships among Carabidae subfamilies are still far from being resolved (Maddison et al., 2009; McKenna et al., 2015; López-López & Vogler 2017) . Our mitochondrial rate estimates are slower than what has been previously reported for multiple groups of Coleoptera (Pons et al., 2010) . However, estimates from Pons et al. (2010) assumed the crown of Coleoptera to be 250 My old, an assumption that may no longer hold (Toussaint et al., 2017a) . Similarly, Andújar et al. (2016) recovered substantially slower rates than Pons et al. (2010) for mitochondrial genes in Trechinae using fossil-based calibrations. Their estimate of the substitution rate for the combined cytochrome oxidase c subunits 1 and 2 in their preferred analysis ('ULN_1', cox1_cox2 ≈ 0.005substitutions per site/My per lineage ) was in fact equivalent to the one recovered in our study. Nevertheless, our results indicate that additional dating studies, possibly at the family level, are needed to understand the evolutionary timeframe of this clade, using fossil-based divergence time estimates in combination with calibration cross-validation procedures as nicely developed for instance by Andújar et al. (2014) . In his monograph, René Jeannel hypothesized that Carabinae originated in Australia, where he thought the ancestral lineages of Calosoma first appeared during the Jurassic. Even though our dating for the origin of Carabinae is consistent with his hypothesis, our phylogenetic reconstruction rejects it, because Calosoma is a derived lineage in the evolution of Carabinae, as suggested, for instance, by Osawa et al. (2004) or Deuve & Faille (2013) . However, Jeannel's theory that the biogeographical history of Carabinae has been shaped by the breakup of Gondwana is partly substantiated by our dating analyses. Based on our divergence time estimates, it is more likely that the first stages in the diversification history of Carabinae were shaped by Pangaean vicariance (Seton et al., 2012) . However, some branchings potentially represent relics of Gondwanan vicariance. For instance, the divergence times in the clade Ceroglossini+Pamborini match the steps of the breakup of Gondwana. Chilean Ceroglossus diverged from Pamborini c. 109.4 Ma (95% CI = 74.6-147.2 Ma), when Australia and South America were still connected via Antarctica (Seton et al., 2012) . The ancestor of this clade might have been more widespread in the early Cretaceous. The climate in Antarctica at this time was much warmer than at present, and entire biomes were available that could have potentially permitted carabine ground beetles to survive until the major glaciation period began in the Oligocene (Galeotti et al., 2016; McKay et al., 2016) . Examples of clades that might have survived/ dispersed in Antarctica before it became an ice-covered continent exist (e.g. Winkworth et al., 2015; Givnish et al., 2016; Toussaint et al., 2017c) . The divergence between the New Zealand endemic Maoripamborus and its sister taxon, the Australian endemic Pamborus, is estimated to c. 77.5 Ma (95% CI = 48.9-106.8 Ma). Even though the credibility interval for this event is wide, the median age inferred in our BEAST analysis perfectly matches the split between Australia and New Zealand, in the Cretaceous c. 80 Ma (Seton et al., 2012) . In agreement with Sota et al. (2005) , we argue that the divergence between these two austral lineages is probably the result of Gondwanan vicariance, but a proper biogeographical reconstruction will be needed to test this hypothesis in a statistical framework.
The only direct attempt to date the origin of the genus Calosoma was made by Su et al. (2005) . In their study, the authors relied upon the rate of substitution calculated for the gene ND5 in other carabid studies based on biogeographical calibrations (e.g. Su et al., 2001) . However, most Calosoma species are not flightless, and therefore are unlikely to share similar rates of evolution (Ikeda, Nishikawa & Sota, 2012) . The origin of the genus was dated in the study of Su et al. (2005) from the Oligocene c. 30 Ma, although there was no mention of the divergence time between Calosoma and Carabus. In this study, we recover an origin of Calosoma c. 69.9 Ma (95% CI = 49.3-92.7 Ma) in the late Cretaceous. Although Calosoma is a widespread lineage with representatives in most continents (Fig. 3 ), our phylogenetic hypothesis and divergence time estimates cannot reconcile the diversification of lineages with geological events (e.g. Gondwanan vicariance). The placement of the Malagasy endemic C. grandidieri as sister to a Neotropical clade (Figs 2, 3) is the only topological pattern that could indicate a Gondwanan signature. However, the moderate support for this phylogenetic relationship and our divergence times estimates reject the hypothesis of Gondwanan vicariance. Other examples of beetle lineages with 'Gondwana-like' distributions whose biogeographical evolution cannot be reconciled with Gondwanan vicariance exist (Toussaint & Short, 2017) . The uncertain placement and/or missing taxon sampling for key taxa from the Afrotropics and Madagascar hampers a better understanding of biogeographical patterns and processes in Calosoma. Based on our phylogenetic hypothesis (Fig. 2) , and the likely Holarctic or Palearctic origin of Carabus, we hypothesize that Calosoma caterpillar hunter beetles originated in Laurasia during the late Cretaceous (Fig. 3) . The colonization of the Afrotropics seems to have happened multiple times out of the Palearctic (Fig. 3 ). An interesting pattern is the placement of the Galápagos endemic clade as sister to a Neotropical clade (Figs 2 and 3) , with an origin for the former c. 10 Ma, when current islands of the Galápagos archipelago had not yet emerged, but now-submerged ones might have existed (Werner et al., 1999; Geist et al., 2014) . In conclusion, based on our phylogenetic tree and divergence time estimates, it seems that the diversification of Calosoma was not shaped by Gondwanan vicariance as suggested by Jeannel (1940) , but rather by dispersal, possibly linked to the good flying ability of some lineages. However, the biogeographical mechanisms that shaped the current distribution of Calosoma across the globe need to be studied using a more comprehensive phylogenetic hypothesis, and using proper models of geographical range evolution.
CONCLUSION
In this study, we present a new phylogenetic hypothesis for Calosoma caterpillar hunter beetles (Figs 1  and 2 ). Our results indicate that the genus should be fully revised to take into account the likely paraphyly/ polyphyly of many groups erected about a century ago based on seemingly homoplasious morphological characters. New synapomorphies should be searched for to reconcile the taxonomy and systematics of Calosoma with its evolutionary history. On a different note, we infer a comparatively ancient origin for Carabinae in the Jurassic. This result is at odds with the comprehensive corpus of studies looking at the evolution of the genus Carabus using modern molecular techniques and a different calibration strategy (Andújar et al., 2012a (Andújar et al., , b, 2014 Deuve et al., 2012) . We prefer to remain very cautious on the interpretation of our results because a fully-resolved phylogeny of ground beetles is not yet available, and because the use of secondary calibrations is not optimal. However, we believe that this study might represent a paradigm shift in our understanding of the evolutionary history of carabine beetles. Future progress in beetle phylogenomics will hopefully allow the inference of a fine-scale, fossilbased timetree of Carabidae, which in turn will permit the testing of René Jeannel's seminal hypothesis.
